In the last five years, the zebrafish (Danio rerio) has rapidly gained popularity as a model system for studying leukocyte migration and trafficking in vivo. The optical clarity of zebrafish embryos, as well as the potential for genetic manipulation and the development of tools for live imaging, have provided new insight into how leukocytes migrate in response to directional cues in live animals. This Commentary discusses recent progress in our understanding of how leukocytes migrate in vivo, including the role of intracellular signaling through phosphatidylinositol 3-kinase (PI3K) in both random and directed migration. The importance of leukocyte reverse migration in the resolution of inflammation will also be discussed. Finally, we will highlight how zebrafish models have helped to provide new insight into leukocyte migration and the way in which migration is altered in disease.
Introduction
Chemotaxis is the directed movement of cells in response to environmental cues. It is observed in diverse cell systems, ranging from bacteria to eukaryotes. The steps involved in chemotaxis include the sensing of attractants and the coupling of these cues to the intracellular motility machinery that drives directed cell movement. A key component of the chemotactic motility of eukaryotic cells is establishing cell polarity with leading edge actin polymerization and trailing edge actomyosin-based contraction and cell detachment. In multi-cellular organisms, chemotaxis is fundamental to normal development and the recruitment of immune cells to sites of tissue injury or infection.
Most of the progress in understanding chemotaxis has been achieved through the study of the single-celled organism, Dictyostelium discoideum, and from isolated mammalian neutrophils in two-dimensional (2D) environments in vitro (Van Haastert and Devreotes, 2004) . It is only recently that zebrafish have gained popularity as a model system to study leukocyte migration and trafficking in vivo. The immune system of zebrafish and mammals is highly conserved on both the cellular and molecular level (Lieschke and Trede, 2009) . Zebrafish develop immune cells, including lymphocytes, mast cells, dendritic cells, eosinophils, macrophages and neutrophils, produce chemokines and cytokines, including tumor necrosis factor alpha (TNF-a), interferon gamma (IFN-c), granulocyte colony-stimulating factor (GCSF, also known as CSF3), interleukin 8 (IL8) and C-X-C chemokine receptor type 4 (CXCR4) (Bobe and Goetz, 2001; van der Sar et al., 2006; Grayfer and Belosevic, 2009; Liongue et al., 2009; Oehlers et al., 2010; Walters et al., 2010; Lopez-Munoz et al., 2011) , and utilize conserved molecules that are involved in pattern recognition, such as Toll-like receptors (TLRs), nucleotide-binding oligomerization domain molecules (NODs), Asc-type amino acid transporter 1 (ASC1) and myeloid differentiation primary response protein 88 (Myd88) (Masumoto et al., 2003; van der Sar et al., 2006; Laing et al., 2008; Oehlers et al., 2011) .
The most abundant circulating leukocytes in both human and zebrafish are neutrophils (Lieschke et al., 2001) . In response to inflammatory stimuli, such as tissue injury or infection, neutrophils rapidly infiltrate the damaged tissue compartment, where they phagocytose, degranulate, produce reactive oxygen species (ROS) or extrude their DNA to form extracellular nuclear traps (NETs) (Nathan, 2006; Borregaard, 2010) . As the first line of defense, neutrophils function to contain the invading agents and produce inflammatory mediators that regulate adaptive immunity (Nathan, 2006) . Macrophages are comprised of a heterogeneous group of cells and are generally recognized as specialized phagocytic cells that provide diverse roles in host defense (Gordon and Taylor, 2005; Mosser and Edwards, 2008) . Macrophages ingest foreign substances, infectious microbes, cancer cells and apoptotic debris, including neutrophils. They can also affect adaptive immunity by secreting chemokines, cytokines or by functioning as antigen presenting cells.
The ability to rapidly sense and infiltrate damaged tissues is crucial for leukocyte function and host defense. Absent or reduced neutrophil function in response to infection is associated with primary immunodeficiency (Zuelzer et al., 1964) , whereas overactivation of the neutrophil response underlies the pathogenesis of various diseases, including ischemia, reperfusion-induced tissue damage and autoinflammatory diseases, amongst others (Summers et al., 2010) . This Commentary discusses recent progress in our understanding of leukocyte forward and reverse chemotaxis in vivo in zebrafish. We also discuss zebrafish models of human immunodeficiency that have provided new insight into leukocyte migration during development and disease. Details of the ontogeny of zebrafish early immune cells and established tools for live-cell imaging in zebrafish have been reviewed elsewhere Mathias et al., 2009a ) and will therefore not be covered here.
Chemotaxis -from 'in vitro' to 'in vivo' Studies of 2D migration in vitro provide limited information about cell motility within interstitial tissues and lack physiological relevance. Research using neutrophils that adhere to 2D artificial substrates in the presence of different chemoattractants has yielded inconsistent and even contradictory results. For example, the requirement for phosphatidylinositol-3-kinase (PI3K) during neutrophil chemotaxis is context-dependent in vitro. PI3K-c is essential for murine neutrophil migration on fibrinogen-coated surfaces, but is dispensable for migration on glass (Ferguson et al., 2007) . Treatment of human neutrophils in vitro with PI3K inhibitors abolishes migration towards selected chemoattractants, such as IL8 and leukotriene B4, but not towards others, including formyl-Met-Le-Phe (fMLP) or complement 5a (Heit et al., 2002) .
In addition, the modes and mechanisms of 2D and threedimensional (3D) migration can be different. An example that highlights this difference is the recently discovered discrepancy between the role of integrins in leukocyte migration in two and three dimensions by using mouse models. Integrin-mediated adhesion is required for leukocyte migration on 2D surfaces in vitro. However, murine dendritic cells that have been depleted of all integrin receptors are able to migrate in interstitial tissues in three dimensions (Lämmermann et al., 2008) . In contrast to adhesive migration on 2D surfaces (Lammermann and Sixt, 2009), integrin-independent 3D migration is driven by actinnetwork expansion, which promotes protrusive actin-based flow at the leading edge. Although integrin-mediated migration is relevant to certain steps during leukocyte migration in vivo, including leukocyte transmigration, cell-cell interactions and/or retention in tissues, interstitial 3D amoeboid migration can be independent of integrin-mediated adhesion in vivo. Collectively, these studies discussed above highlight the importance of developing relevant in vivo systems to characterize cell migration in live animals.
Mice and zebrafish have distinct but complementary advantages as models for understanding leukocyte motility (Trede et al., 2004) (Table 1) . A broad collection of knockout mice, including tissue-specific knockouts, is available. However, intravital imaging in mice has limited temporal and spatial resolution and often requires invasive surgical procedures (Goodarzi et al., 2003) . The recent improvements using intravital imaging of inflammation in the ear of mice in vivo (Li et al., 2012) has minimized the preparation time and increased the resolution, but still requires invasive procedures. By contrast, zebrafish are transparent during embryonic development and provide a non-invasive platform to observe leukocyte behavior and subcellular molecular events at a high resolution in vivo. An exciting example of the types of studies that can be carried out in zebrafish is the visualization of the direct derivation of multipotential hematopoietic stem cells from the aortic endothelium (Bertrand et al., 2010; Herbomel and Kissa, 2010) . There are, however, some caveats to the zebrafish system. Leukocytes in mice are primarily recruited to inflammatory sites from the bloodstream (Nourshargh et al., 2010) . By contrast, during embryonic development in zebrafish, leukocytes can be recruited directly from hematopoietic tissue to sites of tissue injury, thereby bypassing the extravasation process . Therefore, leukocyte recruitment in zebrafish embryos primarily reflects leukocyte interstitial chemotaxis, whereas in mice, both extravasation and interstitial chemotaxis are crucial for leukocyte infiltration. In addition, the adaptive immune system, including T and B cells, does not mature until after the early larval period (Trede et al., 2004) , making it an ideal system in which to study the innate immune system alone. Moreover, morpholino oligonucleotides (MOs) provide a unique tool for globally suppressing gene expression in zebrafish embryos. These stable nucleic acid analogs bind pre-mRNA to prevent splicing or the initiation of translation TALENs, TAL effector nucleases; WISH, whole-mount in situ hybridization; ZFN, zinc-finger nucleases; i.v., intravenous; +, yes; 2, no. (Morcos, 2007) . MOs usually reliably suppress gene expression for 2 or more days post fertilization. Further differences between zebrafish and mouse models are summarized in Table 1 .
Neutrophil and macrophage migration in zebrafish embryos
The development of transgenic zebrafish lines with fluorescently labeled neutrophils and/or macrophages has revolutionized our ability to dissect the molecular mechanisms that regulate leukocyte motility and trafficking during normal homeostasis and following acute or chronic inflammation (summarized in Table 2 ) (Lawson and Weinstein, 2002; Ward et al., 2003; Hsu et al., 2004; Mathias et al., 2006; Renshaw et al., 2006; Hall et al., 2007; Mathias et al., 2009b; Feng et al., 2010; Ellett et al., 2011; Gray et al., 2011; Wittamer et al., 2011) . During zebrafish development, neutrophils comprise two distinct populations: a relatively stationary population in the caudal hematopoietic tissue, and a spontaneously highly motile population in the rostral mesenchyme . Therefore, zebrafish provide a unique tool to separate the effects of chemical or genetic perturbations on spontaneous neutrophil motility (within the rostral mesenchyme) and induced chemotaxis (to sites of infection or wounds) . By using zebrafish lines that express transgenes that encode fluorescently tagged proteins and are driven by the myeloperoxidase (mpx) promoter to primarily label neutrophils, a robust and rapid recruitment of neutrophils to the sites of tissue injury is observed following tail transection (Renshaw et al., 2006) or needle injury of the tail or ventral fin (Mathias et al., 2006) . Transgenic lines using the lysozyme C promoter (Hall et al., 2007 ) also contain labeled neutrophils (Feng et al., 2010) . More recently, by using photoconversion and cell tracking, it has been shown that neutrophils can be recruited to a ventral fin wound directly from the caudal hematopoietic tissue . Subsequently, neutrophils repeatedly migrate between the wound and the vasculature and finally resolve the inflammatory response through reverse migration back to the vasculature (Mathias et al., 2006; . Our laboratory has also reported that a population of cells that are referred to as inflammatory macrophages also express low levels of the neutrophil protein Mpx, and are labeled with the mpx promoter (Mathias et al., 2009b) . These macrophages are positive for the macrophage marker macrophage colony-stimulating factor 1 receptor (Csf1r), and they migrate towards wound sites and phagocytose melanocyte debris. Early macrophage responses to tissue injury have also been reported by using a transgenic zebrafish line that expresses GFP under the friend leukemia integration 1a (fli1a) promoter, which labels both the endothelium and early macrophages (Redd et al., 2006) . Detailed functional and behavioral comparisons between neutrophils and macrophages during wound inflammation were not feasible until the more recent identification of the macrophage specific genes, macrophage expressed gene 1 (mpeg1) (Ellett et al., 2011) and cfms (which encodes Csf1r) (Gray et al., 2011) . Macrophages display a slower, (Lawson and Weinstein, 2002; Feng et al., 2010) Primitive macrophages labeled Tg(mpx:GFP)i113/i114 Mpx Neutrophils (Renshaw et al., 2006) Lower expression in primitive macrophages Tg(mpx:GFP)uwm1 Mpx Neutrophils (Mathias et al., 2006; Mathias et al., 2009b) Lower expression in primitive macrophages Tg(lyz:EGFP)nz117
Lyz/lysC Neutrophils (Hall et al., 2007; Feng et al., 2010) Expression in primitive macrophages Tg(lyz:dsRed)nz50
Lyz/lysC Neutrophils (Hall et al., 2007; Feng et al., 2010) (Wittamer et al., 2011) Tg(mhc2dab:GFP and cd45:DsRed) Mhc2dab, cd45 Macrophages and DCs (Wittamer et al., 2011) DCs, dendritic cells.
more directional migration to tissue wounds compared with neutrophils, and dwell more persistently at the wound margin before wound resolution (Ellett et al., 2011) . Macrophage-or neutrophil-deficient transgenic lines have been used to determine whether neutrophils and macrophages affect one another during the recruitment phase. Targeted ablation of macrophages with bacterial nitroreductase (Gray et al., 2011 ) and a zebrafish congenital neutropenia model (Walters et al., 2010) have indicated that macrophages and neutrophils respond to tissue injury normally in the absence of the respective other cell lineage. Real-time imaging of neutrophil-macrophage interactions has also revealed that macrophages phagocytose neutrophils, either whole or in part, during the wound resolution phase (Ellett et al., 2011) . In accordance with mammalian studies (Savill et al., 1989) , macrophage phagocytosis of neutrophils might clear apoptotic neutrophils at the wound site, or alternatively, contribute to antigen sampling.
In addition to acute neutrophilic inflammation, zebrafish provide a powerful model system to study chronic neutrophilic inflammation. In an insertional mutagenesis screen for zebrafish that exhibit abnormal tissue distribution of neutrophils, Mathias and colleagues have identified a mutant line with an insertion in the gene encoding the hepatocyte growth factor activator (hail). This line is characterized by chronic neutrophil infiltration in the tail fin and an epidermal proliferative phenotype that is reminiscent of psoriasis (Mathias et al., 2007) . Similar neutrophil behavior has been observed in two additional 'chronic inflammation' zebrafish lines that were identified in the same screen Walters et al., 2009 ). Neutrophils and macrophages are also recruited to oncogenetransformed melanoblasts and goblet cells within the larval skin, which supports the idea that transformed cells represent a 'chronic wound' that is characterized by persistent leukocyte infiltration (Feng et al., 2010) . Using live imaging, Feng and colleagues have reported that both neutrophils and macrophages engulf transformed cells. Interestingly, preventing leukocyte infiltration impairs the growth of transformed cell clones, which indicates that leukocytes probably provide trophic support for the growth of transformed cells (Feng et al., 2010) .
Cell polarity during neutrophil chemotaxis in vivo
Neutrophil amoeboid migration is characterized by the dynamic coordination of protrusion at the leading edge and actomyosinmediated retraction at the trailing edge. During random migration, neutrophils extend pseudopods that bifurcate, and subsequently, one pseudopod can become stabilized to determine the direction of migration (reviewed by Insall, 2010) . Cell polarity is crucial to neutrophil migration both in vitro and in vivo. In vivo imaging with different actin probes [LifeAct, which labels total F-actin and UtrCH (the actin-binding domain of utrophin), which labels more stable populations of F-actin] has revealed that dynamic F-actin localizes to the leading edge and stable F-actin predominantly localizes to the tail of rapidly migrating zebrafish neutrophils in vivo .
Chemoattractive signals produced at the site of tissue injury must translate into precise directional cues that guide directed migration (Van Haastert and Devreotes, 2004; Iglesias and Devreotes, 2008) . Therefore, chemotaxis can be broken down into two separate steps: gradient sensing and cell polarization (Devreotes and Janetopoulos, 2003) . Directional sensing does not require actin polymerization and is mediated by recognition of chemoattractants by their cell surface receptors (usually G-protein-coupled receptors). The initiation of intracellular signaling cascades results in asymmetric localization and activation of key signaling molecules, including PI3K, phospholipase C (PLC) and members of the Rho GTPase family, such as Cdc42 and Rac, which promote the localized nucleation and polymerization of F-actin at the leading edge of neutrophils (Weiner, 2002) . The asymmetric distribution of the PI3K product phosphatidylinositol (3,4,5)-triphosphate [PtdIns(3,4,5)P 3 ], at the front of the cell is a hallmark of cell polarization in neutrophils and other amoeboid cells (Fig. 1) (Weiner, 2002; Kolsch et al., 2008; Afonso and Parent, 2011) .
PI3K was initially identified as a key signaling component involved in gradient sensing during amoeboid chemotaxis, including neutrophil-directed migration. However, PI3K is only required for leukocyte migration in some 2D environments (Afonso and Parent, 2011) . Recently, the role of PI3K in neutrophil migration in vivo has been clarified further. Using both genetic and pharmacological approaches in zebrafish, we have shown that PI3K activity is required for both random and PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 Dynamic F-actin Stable F-actin Polarized activation of PI3K is required for cell motility (Weiner, 2002; Kolsch et al., 2008) . The products of PI3K, PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 , accumulate at the cell front and activate downstream signaling components, including Rac GTPases, which lead to polymerization of dynamic F-actin and protrusion of the leading edge. Rac further activates PI3K, thereby forming a positive feedback loop that amplifies cell polarity and promotes neutrophil migration (Kolsch et al., 2008; Yoo et al., 2010) . PI3K also regulates neutrophil tail retraction through unknown mechanisms . With regards to neutrophils, a hydrogen peroxide gradient is generated by injured tissue (Niethammer et al., 2009 ) and the Src family kinase, Lyn, is oxidized and activated by hydrogen peroxide , which leads to activation of ERK and/or PI3K and directed migration. The lines at the bottom of the diagram ('cell polarity') indicate the gradient of changes in actin dynamics from more dynamic F-actin at the front of the cell to a stable population in the rear, and asymmetric enrichment of PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 at the front of migrating neutrophils.
directed neutrophil motility , thereby, suggesting that PI3K and the generation of PtdIns(3,4,5)P 3 act as a key motor at the leading edge that drives cell protrusion and is necessary for motility. Live imaging of the dynamic localization of PtdIns(3,4,5)P 3 and phosphatidylinositol (3,4)-biphosphate [PtdIns(3,4)P 2 ] in zebrafish neutrophils has revealed that PI3K is activated at the cell front regardless of the direction of cell movement, either towards or away from a laser wound. Therefore, although the accumulation of PtdIns(3,4,5)P 3 at the leading edge is an early marker of cell polarity and gradient sensing, it is probably a key player in mediating localized protrusion and motility rather than gradient sensing. PI3K has been implicated in the localized activation of Rac GTPases at the leading edge to mediate dynamic actin-based cell protrusion . Recent in vivo analyses in zebrafish have provided support for a positive feedback loop between PI3K and Rac in mediating localized protrusion . In fact, localized activation of Rac in zebrafish neutrophils by using a photoactivatable version of Rac results in protrusions that are enriched in PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 , and is sufficient to guide cell migration, which indicates that Rac can directly activate PI3K in vivo. However, when PI3K is inhibited, localized activation of Rac only rescues membrane protrusion, but not the polarization of F-actin dynamics or cell migration of zebrafish neutrophils. These findings indicate that PI3K is required for cell polarization and motility in a manner that is separable from Rac-mediated leading edge protrusion. Although the detailed mechanisms by which PI3K coordinates polarity during cell migration are still not well understood, in vivo analysis in zebrafish has demonstrated that PI3K is required for both Rac-based F-actin polymerization at the leading edge during pseudopod formation and the polarity of F-actin dynamics that is necessary for efficient tail retraction.
The role of another cytoskeletal system, microtubules, in leukocyte migration has also been investigated in zebrafish macrophages (Redd et al., 2006) . De-stabilization of microtubules with nocodazole impairs macrophage recruitment to wounds, which can be restored with the Rho kinase inhibitor Y-27632. These observations suggest that microtubules are involved in establishing or maintaining the polarity of Rho activation, which is required for macrophage recruitment in zebrafish.
Sensing environmental cues
The signals generated at sites of tissue injury or infection that induce leukocyte attraction are probably complex and dynamic, and are not yet fully understood. Until recently, the prevailing view was that leukocytes were attracted to wounds by the release of 'danger signals', including ATP, uric acid, lipids, DNA and nuclear proteins (Š koberne et al., 2004; Martin and Leibovich, 2005) . However, a recent study in zebrafish larvae has reported the surprising finding that tissue wounding induces the rapid formation of a hydrogen peroxide gradient, which forms an essential first step in leukocyte recruitment (Niethammer et al., 2009 ). This study positioned hydrogen peroxide as a crucial regulator of initial rapid leukocyte recruitment to acute injury. Hydrogen peroxide has also recently been identified as a key factor that mediates leukocyte attraction to transformed cells in zebrafish (Feng et al., 2010) . Interestingly, subsequent studies have reported that hydrogen peroxide is not required for neutrophil recruitment to sites of bacterial infection, which indicates that different cues sensitize neutrophils to tissue injury or infection (Deng et al., 2012) . Although future studies are still necessary to confirm the physiological relevance of hydrogenperoxide-mediated leukocyte attraction to wounds in mammals, the studies discussed above provide a possible therapeutic intervention niche for the treatment of inflammation at tumor or wound sites, and represent a major advance in wound biology.
Until recently, the way in which hydrogen peroxide signals that are generated by the wound are sensed by neutrophils remained a mystery. However, we have identified a member of the Src family kinases, Lyn, as a leukocyte redox sensor that detects reactive oxygen species (ROS) at sites of tissue injury and mediates leukocyte wound attraction . Exposure to ROS leads to oxidation of a cysteine residue on Lyn, which activates its kinase activity. The activation of Lyn leads to the activation of extracellular signal regulated kinase (ERK) pathways, which are also required for neutrophil wound attraction. In addition, it is well known that Lyn can activate PI3K in vitro (Pleiman et al., 1994) . Therefore, it is highly attractive to speculate that activation of Lyn by ROS can lead to asymmetric PI3K activation in leukocytes, which then drives cell polarization and migration along a ROS gradient.
Neutrophil reverse migration
The term 'reverse neutrophil migration' is used to refer to migration of neutrophils away from a site of tissue injury back into the vasculature or lymphatic system to resolve inflammation. The previous dogma was that neutrophilic inflammation was resolved by apoptosis within tissues and by macrophage-mediated phagocytosis (El Kebir and Filep, 2010) . However, non-invasive imaging in zebrafish has shown that neutrophils migrate away from an acute injury during the resolution phase (Fig. 2) (Mathias et al., 2006) . A subsequent study reported that only a small percentage of neutrophils at wounds undergo apoptosis (Loynes et al., 2010) , supporting the idea that inflammation is primarily resolved through neutrophil reverse migration in zebrafish larvae. The speed and directionality of forward and reverse migration are similar, which indicates that the signals that mediate forward and reverse migration are equally strong (Mathias et al., 2006) . The recent application of advanced imaging techniques using photoconversion has demonstrated that neutrophils display repeated backwards and forwards movements between the wound site and the vasculature . Moreover, neutrophils that become photolabeled at the wound disperse randomly throughout the body, and persist in the vasculature and other diverse tissues for at least two days after the acute injury. However, the physiological relevance of the dissemination of wound-sensitized neutrophils is not clear. The limitation of these studies is that the observations made at the zebrafish larval stage might not represent neutrophil behavior in mature higher vertebrates or humans. Nevertheless, several studies have supported the idea that human neutrophils can undergo reverse migration (Buckley et al., 2006; Mulero et al., 2011) . Furthermore, neutrophil reverse migration has recently been confirmed with confocal intravital microscopy in mice after ischemia-reperfusion injury (Woodfin et al., 2011) . The molecular mechanism underlying neutrophil reverse migration is largely unknown. A recent study in zebrafish has reported that activation of the oxygen-sensing transcription factor hypoxia-inducible factor1a (HIF1A), either using pharmacological approaches or genetic manipulation, reduces the levels of both neutrophil apoptosis and reverse migration (Elks et al., 2011) . In addition, a secreted E. coli mucinase also seems to affect neutrophil reverse migration (Szabady et al., 2009 ).
Zebrafish as a disease model As described above, zebrafish have emerged as a useful model to study neutrophil migration. Zebrafish are also rapidly gaining popularity as a model system to study human disease by providing new insight into disease pathogenesis and a platform for drug screening (Fig. 3) . Here, we specifically focus on zebrafish disease models where defects in leukocyte migration contribute to disease pathogenesis.
The Wiskott-Aldrich syndrome protein (WASP) is an actinbinding protein that is specific to hematopoietic cells. WASP deficiency leads to the primary immunodeficiency WiskottAldrich syndrome, which is characterized by recurrent infections, autoimmunity and bleeding disorders. Morpholino-mediated knockdown of Wasp1 in zebrafish embryos does not affect the development of leukocytes, but results in the substantially reduced recruitment of neutrophils and macrophages to sites of acute tissue injury (Cvejic et al., 2008) . Detailed live imaging of migrating cells has revealed that Wasp1-deficient neutrophils make more frequent stops en route to the wound and are also less directional owing to, at least in part, defects in pseudopod selection. The study by Cvejic and colleagues not only confirmed the physiological role of WASP in immune function, but also provided a basic understanding of leukocyte chemotaxis by highlighting a role for WASP in pseudopod selection during leukocyte motility.
Another example of a zebrafish model for human primary immunodeficiency is the zebrafish WHIM transgenic model. Warts, Hypogammaglobulinemia, Infections and Myelokethaxis (WHIM) syndrome is driven by constitutive C-X-C chemokine receptor 4 (Cxcr4) signaling (Walters et al., 2010) . Expression of a truncated form of Cxcr4, which has impaired internalization, in zebrafish neutrophils results in the retention of neutrophils within hematopoietic tissues and prevents their recruitment to sites of tissue injury. This 'stickiness' of neutrophils within the caudal hematopoietic tissue (CHT) is dependent on the Cxcr4 ligand stromal cell-derived factor 1 alpha (Sdf1a), because depleting endogenous Sdf1a rescues the WHIM phenotype in zebrafish. Detailed live imaging in the CHT of zebrafish has revealed that neutrophils in the CHT increase local motility following tail clipping, indicating that neutrophils in the CHT can sense and respond to wound-generated signals, but are unable to traffic out of the hematopoietic tissue in the WHIM model. This (Niethammer et al., 2009) . The majority of neutrophils migrate back to the vasculature (reverse migration) during resolution of inflammation (Mathias et al., 2006; In mammals, under normal conditions, tissue injury leads to neutrophils becoming mobilized from the hematopoietic tissue, migrating into the vasculature and exiting the vasculature at sites that are close to the site of injury. Neutrophil migration across the endothelium occurs either through transcellular (i.e. through the cell body) or paracellular (i.e. through cell-cell junctions) routes. Neutrophils then undergo interstitial migration to reach the site of injury. In zebrafish, neutrophils can be recruited directly from the hematopoietic tissue to wounds in certain contexts (Yoo et al., 2011). (B) In patients with WHIM syndrome (Walters et al., 2010) , neutrophils are retained in hematopoietic tissue by constitutively active CXCR4 signaling and are, therefore, absent from the vasculature or site of injury. (C) In patients with leukocyte adhesion deficiency as a result of a dominant inhibitory mutation in Rac2 , neutrophils are released into the vasculature, but are not able to migrate out of the vasculature and are, therefore, absent at sites of injury. (D) In patients with Wiskott-Aldrich syndrome, which is caused by a WASP deficiency (Cvejic et al., 2008) , neutrophils are not able to efficiently migrate to the site of tissue injury. zebrafish WHIM model also provides a tool to screen for agents that regulate neutrophil mobilization and might provide therapeutic benefit in WHIM syndrome, for example, through treatment with G-CSF (Bohinjec and Andoljsek, 1992) .
Leukocyte adhesion deficiency is a primary immunodeficiency that is characterized by abnormal neutrophil distribution with increased circulating neutrophils (neutrophilia) and absent recruitment to peripheral tissues. The dominant negative D57N point mutation in the hematopoietic-specific Rac isoform Rac2 has been identified in patients with leukocyte adhesion deficiency-like syndromes (Ambruso et al., 2000; Williams et al., 2000) . However, whether this mutation is sufficient to cause the disease had not been determined until recently. Expression of Rac2(D57N) in zebrafish neutrophils fully recapitulates the human disease . Live timelapse imaging has revealed that Rac2-deficient neutrophils have impaired 3D motility in mesenchymal tissue, but are released from the CHT at increased frequency. These observations indicate that Rac2 is required for active retention of neutrophils in the CHT, but is dispensable for the mobilization process. In addition, excessive neutrophil retention in the CHT that is induced by constitutive CXCR4 signaling is attenuated by the expression of Rac2(D57N), which positions CXCR4-Rac2 signaling as a key mechanism that mediates neutrophil retention. Collectively, this study by Deng and colleagues has demonstrated that expression of Rac2(D57N) in neutrophils is sufficient to cause immunodeficiency and provides new insight into the role of Rac2 in neutrophil homeostasis during development and disease conditions.
Concluding remarks and future perspectives
During the last decade, zebrafish have provided a powerful tool to analyze leukocyte biology in live animals. The optical clarity of zebrafish embryos allows an unprecedented resolution of signaling events on both the cellular and molecular level in an intact organism. These reports have uncovered previously unknown mechanisms that are crucial to basic processes underlying neutrophil motility and inflammation, particularly the identification of hydrogen peroxide as a signal that mediates neutrophil recruitment and the observation of reverse neutrophil migration during resolution of inflammation. Substantial evidence also supports the importance of zebrafish to model human disease and to aid in drug discovery.
The identification of new mechanisms that resolve neutrophilmediated inflammation by reverse migration in zebrafish have recently been confirmed in mouse models, highlighting how these two models systems can complement the investigation of neutrophil motility and inflammation. We anticipate that zebrafish will continue to provide a powerful tool to uncover fundamental mechanisms of neutrophil motility and trafficking in vivo that are relevant to human immunity.
Challenges remain to identify the signaling dynamics at wounded tissue, the vasculature and within leukocytes during attraction and resolution phases of the inflammatory response. Because the inhibition of hydrogen peroxide production only inhibits the first wave of neutrophil wound infiltration, the factors that mediate the later sustained phase of neutrophil recruitment are still unknown. Furthermore, the physiological signals or the loss of specific signals that drive neutrophil reverse migration are also unknown. It is probable that neutrophils are exposed to competing gradients of chemoattractants and that an intracellular signaling hierarchy determines the direction of migration. Detailed tissue-specific gene-expression profiles during the initiation and resolution phase of inflammation will provide clues to these fundamental processes. The real-time observation of the dynamics of environmental cues, such as the use of hydrogen peroxide sensor HyPer, will provide detailed information about the onset and resolution of tissue-generated signals. Additional tools to tweak the subcellular activation of signaling molecules, such as photo-activatable Rac, will help to dissect the signaling events that regulate neutrophil forward and reverse migration. We anticipate that zebrafish will be instrumental in elucidating mechanisms that regulate leukocyte migration in vivo and will continue to provide new insight into the onset and resolution of inflammation. 
